In this work, we have examined the constraints on the anomalous tqγ (q = u, c) couplings through the process pp → pγp → pW bX at the LHC by considering three forward detector acceptances: 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15 and 0.1 < ξ < 0.5. The sensitivity bounds on the anomalous couplings have been obtained at the 95% confidence level in a model independent effective lagrangian approach. We find that the bounds on these couplings can be highly improved compared to current experimental bounds.
I. INTRODUCTION
The top quark is the heaviest particle of the Standard Model (SM). Therefore, the top quark properties and, its production process provide a possibility to probing for new physics beyond the SM. Furthermore, the impacts of new physics on the top quark couplings are considered to be larger than that on any other fermions and, conflicts with the SM expectations could be measured as described in [1] . A search for rare decays of the top quark is one of such studies. Of special interest it is the search of the top quark anomalous interactions via Flavour-Changing Neutral Currents (FCNC). For the top quark, FCNC decays t → qγ (q = u, c) can not be seen tree level in the SM. These decays can only make loop contributions. As a result, the branching ratios of t → qγ are very small and, they are order of 10 −10 [2] [3] [4] . However, various extensions of the SM such as the quark-singlet model [5] [6] [7] , the two-Higgs doublet model [8] [9] [10] [11] [12] [13] , the minimal supersymmetric model [14] [15] [16] [17] [18] [19] [20] , supersymmetry [21] , the topcolour-assisted technicolour model [22] or extra dimension model [23, 24] could lead to huge enrichment of that kind of decays.
The CDF collaboration bounds on the branching ratios at 95% C. L. for the process t → qγ as follows [25] BR(t → uγ) + BR(t → cγ) < 3.2%.
Also, the ZEUS collaboration obtained upper limits at 95% C.L. on the anomalous tqγ couplings κ tuγ < 0.12 [26] . The Large Hadron Collider (LHC) can produce large numbers of the top quark. Therefore, top quark interactions can be examined with high sensitivity.
Especially, the ATLAS collaboration has been predicted as BR(t → qγ) ∼ 10 −4 at 5σ level [27] .
The FCNC effective Lagrangian among the top quark, two quarks u, c and the photon γ can be written as [26] L =
Here κ tq i γ is the anomalous coupling for the neutral currents with a photon; Λ is a new physics scale; σ µν = [γ µ , γ ν ]/2; e, e t are the electric charge of the electron and the top quark, respectively. Λ is conventionally taken mass of the top quark (m t ) for definiteness'sake.
Hence, we take Λ = m t . Also, we assume in our calculations κ tuγ = κ tcγ . Using the anomalous interaction given in Eq.2, the decay width can be obtained as follows,
where we put the masses of the u and c quarks equal to the zero. Branching ratio of the anomalous t → qγ decay can be given by the following equation, since the main decay mode of the top quark is t → bW
Using this equation, from the experimental constraints of the CDF collaboration it is easily to obtain the magnitudes of the upper limits on κ tqγ = 0.29.
In this work, we have examined anomalous FCNC interactions for the process pp → pγp → pbW X at the LHC. We show a shematic diagram for the this reaction in Fig.1 In γp collisions, the almost real photons with low virtuality are emitted from protons and it is a good approximation to assume that they are on-mass-shell. Because of the low virtuality of the photons, the structure of the protons are not spoilt. Also, almost real photons scattered with small angles and then they have a low transverse momentum.
Therefore, intact protons which is emitted photons deflect slightly their road along the beam pipe and generally they can not be detected in central detectors. One of the main properties of forward detectors is to detect the these intact protons with some momentum fraction loss given the formula, ξ = (| p| − | p ′ |)/| p|, where p and p ′ are momentums of incoming protons and intact scattered protons, respectively. If the forward detectors are established closer to central detectors, higher ξ can be obtained. Forward detectors can detect intact outgoing protons in the interval ξ min < ξ < ξ max . This interval is known the acceptance of the these forward detectors. ATLAS forward detectors have an acceptance 0.0015 < ξ < 0.15 [28] and CMS-TOTEM forward detectors are placed closer to the central detectors and the acceptances span 0.0015 < ξ < 0.5, 0.1 < ξ < 0.5 [29, 30] .
Photon-induced reactions in hadron collider phenomena were recently observed in the measurements of the CDF collaboration [31] [32] [33] [34] [35] [36] [37] and, these measurements are consistent in both theoretical expectations with pp → pℓ + ℓ −p through two photon exchange (γγ →
. Therefore, the photon-induced interactions potential at the LHC is important with its high energetic pp collisions and, its high luminosity [28] [29] [30] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Moreover, two photon The photon-induced reactions in pp collision can be obtained in the framework of the equivalent photon approximation (EPA) [61, 62] . In this approximation the equivalent photon spectrum, given the virtuality Q 2 and the energy of the quasi-real photons
, is given as follows:
Here, F E and F M are functions of the electric and magnetic form factors respectively and µ 2 p = 7.78 is the magnetic moment of the proton. The cross section for the main process pp → pγp → pW bX can be found by integrating γq → W b subprocess cross section over the photon and quark spectra:
Here we have taken the Q 2 max = 2 GeV 2 since Q 2 max greater than 2 GeV 2 do not make significant contribution to this integral. From Eq.8 following equation can be obtained,
where x 1 is the ratio between scattered quasi-real photons and incoming proton energy is the quark distribution function of the proton,ŝ = z 2 s and z = x 1 x 2 . M inv is total mass of the final state particles of the γq → W b subprocess. In our paper, we have used Martin, Stirling, Thorne and Watt parton distribution functions [63] . During calculations,
we have take the quark virtuality
In all the results presented in this work, we impose a cut of pseudorapidity |η| < 2.5 for final state particles from subprocess γq → W b since central detectors of the ATLAS and CMS have a pseudorapidity |η| coverage 2.5.
II. PHENOMENOLOGICAL ANALYSIS
The subprocess γq → W b consists of s, t and u channel tree-level SM diagrams. Additionally, there is one tree-level Feynman diagram containing anomalous tqγ coupling Fig.2 .
The total polarization summed amplitude square which consist of SM, new physics and interference parts have been obtained in functions of the Mandelstam invariantsŝ,t andû as follows,
where g e and g w are the electromagnetic and weak coupling constants, m b is the b quark mass and m w is the W boson mass. p 1 , p 2 , p 3 and p 4 are the momentums of the photon, incoming quark, W boson and b quark, respectively. V bq and V tb are the corresponding CKM matrix elements. e u (e b ) is the electric charge of the u(b) quark. Also, Γ t is the total decay width of the top quark. We have neglected the mass of the incoming quarks. In our calculations, it is assumed that the center of mass energy of the LHC is 14 TeV.
The total cross sections as a functions of κ tqγ for three acceptance regions 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15 and 0.1 < ξ < 0.5 are presented in Fig.3 . We see from this figure that total cross sections for the 0.0015 < ξ < 0.5 and 0.0015 < ξ < 0.15 are close to each other. However, the cross section for 0.1 < ξ < 0.5 is quite smaller than the others. In Figs. 4a, 4b, 4c, we have plotted the SM and total cross sections of pp → pW bX as functions of the transverse momentum cut (p t cut or p t,min ) of the final state particles for κ tqγ = 0.01 and three forward detectors acceptance regions: 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15 and 0.1 < ξ < 0.5. As seen from the figures, actual experiments both angular distribution and the p t cut can be used to improve the sensitivity bounds since contributions of the new physics and the SM are well separated from each other for high p t cut regions. Moreover, the acceptance region 0.1 < ξ < 0.5 has almost the same features as the other acceptance regions with a high p t cut. It can be concluded that a high lower bound of the acceptance region mimics an extra p t cut. Therefore, in this paper we estimate sensitivity of the pp → pγp → pW bX process to tqγ anomalous couplings using two different statistical analysis methods. First, we use a Poisson distribution, which is the appropriate sensitivity analysis since the number of SM events with these cuts are small enough. In this statistical analysis, the number of observed events are assumed to be equal to the SM
Here S is the survival probability factor, E is the jet reconstruction efficiency and L is the integrated luminosity. We have taken a survival probability factor S = 0.7 and, jet reconstruction efficiency E = 0.6. We consider W boson decay leptonically, hence here BR is the branching ratio of W boson to leptons.
In the second statistical analysis we have used the χ 2 criterion without a systematic error which is given by
where σ N EW is the total cross section including SM and new physics and δ is the statistical errors. We show the sensitivity of the 95% C.L. parameter κ tqγ as a function of integrated LHC luminosity for 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15, 0.1 < ξ < 0.5 in Figs.5a , 5b, 5c. We set p t > 30 GeV in these figures. As seen from the Fig.4 , SM backgrounds could be smaller than 10 depending on the integrated luminosity. Therefore, in this kinematical regions we have used Poisson analysis for the N SM < 10 and, we have used χ 2 criterion for N SM > 10. We understand from the figures that the best sensitivity has been obtained in the 0.0015 < ξ < 0.5 case. In Figs. 6a , 6b, 6c we show the 95% C.L. lower bounds for κ tqγ as a function of integrated LHC luminosity for 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15, 0.1 < ξ < 0.5 and p t > 500 GeV. In this high p t cut region, SM events smaller than 10 for all of luminosity values as seen from the Fig.4 . Hence, in Fig.6 we use only Poisson analysis. 
III. CONCLUSIONS
By using very forward detectors, the LHC can be designed as a high energy photon-photon and photon-proton collider. There is no existing high energy photon-photon, photon-proton collider with this property. The process pp → pγp → pW bX provides less backgrounds than pure DIS process due to one of the incoming proton intact after the collision. The detection of the intact protons in forward detectors make it possible determine momentum of the quasi-real photons. This situation may be useful in determining the kinematics of the process. Moreover, anomalous tqγ couplings might also be uniquely revealed in single top photoproduction [28] .
In these motivations, we have analyzed the potential of the pp → pγp → pW bX at the LHC to probe anomalous tqγ couplings for three forward detector acceptances 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15 and, 0.1 < ξ < 0.5. We obtain that this photon-induced process has a important potential to examine anomalous tqγ couplings. We have investigated the sensitivity bounds for p t > 30 GeV and p t > 500 GeV regions. Our obtained results improve the sensitivity bounds on tqγ couplings by up to a factor of 126 for p t > 30 GeV with respect to current experimental data [25] as seen from the Fig.5a . Also, for p t > 500 GeV results improve the sensitivity bounds on tqγ couplings by up to a factor of 38. Moreover, these high p t cut regions can give extra opportunities search for new physics with very low backgrounds. As a result, forward detectors provides an enhancement of the physics studied at the LHC. forward detector acceptances: 0.0015 < ξ < 0.5, 0.0015 < ξ < 0.15 and, 0.1 < ξ < 0.5. We impose the following cuts: p t > 500 GeV and |η| < 2.5.
